Abstract: Recent advances in the study of nodal Weyl fermions (WFs), quasi-relativistic massless particles, constitute a novel realm of quantum many-body phenomena. The Coulomb interaction in such systems, having a zero density of states at the Fermi level, is of particular interest, since in contrast to conventional correlated metals, its long-ranged component is unscreened. Here, through nuclear-magnetic-resonance (NMR) measurements, we unveil the exotic spin correlations of two-dimensional WFs in an organic material, causing a divergent increase of the Korringa ratio by a factor of 1000 upon cooling, in striking contrast with conventional metallic behaviors. Combined with model calculations, we show that this divergence stems from the interaction-driven velocity renormalization that almost exclusively suppresses the zero-momentum spin fluctuations. At low temperatures, the NMR rate shows a remarkable increase, which is shown by numerical analyses to correspond to inter-node excitonic fluctuations, precursor of a transition from massless to massive quasiparticles.
4
The organic charge-transfer salt -I3 is a layered material comprised of BEDT-TTF (ET) conducting and I 3 insulating layers (Fig. 1A) . A pair of Weyl nodes formed by ET molecular orbitals appear at k0 and -k 0 in the 2D momentum space upon destabilizing the nonmagnetic charge-ordered phase, induced by the short-range repulsions (13) (14) (15) , with a hydrostatic pressure of ≥ P C = 1.2 GPa (Fig. 1B) . The 2D WF phase having the titled-Dirac-cone dispersion (Fig. 3C) emerges in the conducting layers at low temperature (13, (16) (17) (18) , in which the Weyl nodes are fixed at the Fermi energy E F by virtue of the 3/4-filled nature of the energy band (16, 17) . The presence of WFs competing with charge order suggests a strong influence of the electronelectron interaction on the nature of WFs (4, 6, 15, (19) (20) (21) . In fact, recent Knight shift measurements above P C (3) found a logarithmic velocity enhancement due to the long-range part of the Coulomb interaction as well as a ferrimagnetic spin polarization by the short-range repulsions (6, 21) . These findings make -I3 an ideal playground for investigating interaction effects of WFs. In addition, a conventional 2D metal-like regime shows up at high temperatures (3) , reflecting the density of states (DOS) that possesses a flat profile approximately above |E W -E F | ~12meV (~150 K) (insets of Fig. 2A ) (16, 22) . Varying the experimental energy scale (i.e., temperature), one can thus explore the electronic properties of WFs at low T as compared to the 2D metal-like state at high T, by making use of the conventional knowledge of interaction studies established in ordinary massive electron systems.
For obtaining deeper knowledge about the electron-electron interactions, 1/T 1 T proves to be a powerful means (23-25) which probes the wavenumber q average of the dynamic spin susceptibility (q, ) (: frequency of MHz). Figure 2A S1 ) and the resultant upward velocity renormalization, which only suppresses the q = 0 response. The q = 0 static spin susceptibility (K), probing C 1 , is directly affected by the renormalization (Fig. 3E ), leading to a continuous drop of K 2 on cooling (3, 6) . On the contrary, the q-summed (q, ) (1/T 1 T), probing the sum of C 1 and C 2 , is rather enhanced over the non-interacting value; the C 1 process (q ~ 0) dies off on cooling due to the renormalization, whereas the C 2 process (q ~ 2k 0 ) does not and becomes prevailing at low temperature ( Fig. 3D) , causing a levelling-off of 1/T 1 T as presented in Fig. 3A . Furthermore, we find that the tilt of the cone does not affect the results (Fig. 3B) . Thus, these calculations demonstrate that the divergent increase of is a ubiquitous hallmark of general 2D WFs, having either tilted or vertical cones, which is directly promoted by the Coulomb interaction-driven velocity renormalization.
Remarkably, we additionally observe that 1/T 1 T shows a sudden upturn below 3 K and increases by a factor of 2 towards 1.7 K (Fig. 4A) . Relaxations caused by a residual finite DOS at E F (29) or the C 2 -dominated excitations as presented in Fig. 3A (at low T) cannot explain this result, since they produce a levelling-off but not an upturn. Given the sharp nature of the upturn, it is most conceivable that a slow spin dynamics starts to develop at low energies. It is worthwhile to mention that, though the T-driven RG flow ( fig. S1 ) reduces the Coulomb coupling towards lower temperature, its value remains rather large in the present temperature range: ≈ 2.0 at 5 K. Considering this sizeable value, the upturn of 1/T 1 T suggests emergent spin fluctuations associated with the incipient instability of gapless fermions that is driven by the Coulomb interaction. 8 In the presence of the Coulomb force that preserves its long-ranged nature, theoretical studies in 2D WF systems have revealed an electronic instability favoring excitonic pair formations (30). Above a critical value for the Coulomb coupling (> C ~ 1), this leads to an excitonic transition accompanied by mass acquisition (2, 10, 11) , akin to the chiral symmetry breaking that has been intensively studied in the relativistic high-energy theory (8, 9) . To examine the influence of this instability, we calculated the dynamic spin susceptibility (q, ) Furthermore, the calculation shows that the upturn is mainly induced by the inter-node transverse excitonic spin fluctuations ( fig. S3 ), reflecting the fact that the C 2 process has a perfect nesting while the C 1 process does not for the particle-hole channel in a tilted-cone system, as the cones are tilted in opposite directions in momentum space (see Fig. 3C ). This is in good agreement with our argument that the C 2 process dominates the low-energy excitations at low temperature (Fig. 3, D and E) . Therefore, the upturn of 1/T 1 T can be perceived as an indication of the precursor to the inter-node excitonic condensation.
Khveshchenko (11) has recently estimated the ratio of the mean-field critical temperature T C to the excitonic gap  for 2D WFs, and by omitting the velocity renormalization, arrived on the expressions
where ̃= ( An interesting question is whether the spin transverse fluctuations detected by the NMR rate here would be a common characteristic of interacting WFs. Our calculation indicates that the excitonic instability occurs more directly in the transverse channel than in the longitudinal channel ( fig. S3 ). Given that the tilted cone of -I3 turns out to be rather isotropic at low energy by the velocity renormalization ( fig. S1 ) (3, 26) , the NMR rate of isotropic WFs, such as those in graphene, would also produce an upturn due to the spin transverse instability.
The experimental and theoretical studies presented here thus cast light on the unconventional dynamics of 2D WFs. We found that the long-range component of the Coulomb interaction, unscreened around the Weyl nodes at E F , not only produces anomalous spin correlations associated with the velocity renormalization but also induces incipient massacquisition instability of massless fermions. This work paves the avenue for explorations of the rich physics of "strongly interacting WFs" in solids (2), which has, so far, been mainly discussed in a theoretical basis. Korringa ratio The observed 13 C-NMR spectra are composed of eight lines, the assignment of which can be properly done from the knowledge of the crystal structure as described elsewhere (3, 33, 34) . The eight lines can be assigned to three non-equivalent molecular sites in the 2D unit cell, often distinguished as A (= A'), B and C (35) . The total NMR shift, S, for a given molecular site is defined as the center-of-mass position of the 13 C lines arising from the corresponding molecule, which is a sum of the spin shift (Knight shift) K and the temperature-independent chemical shift  (i.e., S = K + ) with little contributions from the orbital term (36) . The chemical shift  is determined from the field-angle dependence of the total shift at 3 K where the spin shift is expected to be vanishingly small as we discussed previously (see Ref.
3), and thus one can assume S(3 K) ≈ (3 K).
Subtracting , the total shift S is eventually converted to the Knight shift K. The spinlattice relaxation rate divided by temperature, 1/T 1 T, was measured for each molecule at respective lines, which is related to the imaginary part of the transverse spin susceptibility ⊥ as follows (24, 25)
where is the wavenumber vector, n is the nuclear gyromagnetic ratio, ̅ ⊥ is the transverse component of the mean hyperfine coupling tensor averaged for the two central 13 C nuclei in a molecule (see the inset of Fig. 1A ) and 0 is the NMR resonance frequency (≈ 64 MHz for the 13 C nuclei at 6 T ). Note that the difference in the value of T 1 at the two 13 C sites in the center of a molecule is negligibly small and is therefore omitted here.
The impact of the long-range Coulomb interaction is evaluated through comparing the values of K and 1/T 1 T. These quantities are measured at the 13 C NMR lines arising from the molecule A (= A'), where it has been shown that the excitations around a Weyl nodes on the Fermi energy E F can be most uniformly probed in momentum space, as we discussed previously (3, 37) . Since the Knight shift in this compound has a large anisotropy due to the anisotropic hyperfine interaction at the 13 C nuclei (34, 38, 39) , all measurements are performed in a magnetic field applied 60 o off the crystalline a axis, where the modulus of the Knight shift at the molecule A (= A') becomes maximum. (Note that this configuration is identical to one of those used in Ref.
3). Hereafter, we omit the site index for simplicity. When the index is needed, it will be specifically mentioned.
In itinerant electron systems, K and 1/T 1 T satisfy the so-called Korringa relation (24, 25, 34, 36, 40) , which is given by the following expression
where is the electron gyromagnetic ratio and is the Korringa ratio, the size of which provides detailed knowledge about spin correlations of conducting electrons. Here, is the form factor describing the anisotropy of the hyperfine coupling (the ratio of the transverse component ̅ ⊥ to the longitudinal one ̅ ∥ ) (34, 36) . For the evaluation of , we used the principal values of the hyperfine coupling tensor determined at ambient pressure around room temperature (34) , as the pressure and temperature dependence of this tensor is negligibly small (3), which leads to ~ 0.46 for the current field geometry, by using the X-ray crystal structure data determined at close pressure (41) .
Renormalization-group calculation based on the tilted Weyl Hamiltonian. Reflecting the very low-symmetric crystal in -I3 containing only the inversion symmetry (35, 41, 42) , the 2D Weyl nodes with a titled cone dispersion appear at k0 and -k 0 in the first Brillouin zone due to accidental degeneracy (43, 44) above a threshold hydrostatic pressure (P) of P ≥ P C = 1.2 GPa (16-18, 22, 45-47) . Due to the 3/4-filled nature of the electronic band, the nodes are anchored at E F and are shown to be robust against perturbations such as modulations of transfer integrals in a finite range (16, 37, (48) (49) (50) (51) (52) (53) (67) based on the molecular orbitals. In the presence of an in-plane magnetic field H, the Hamiltonian is given by The index 0 stands for 2×2 unit matrices. Note that we don't distinguish the two nodes and will concentrate on the one at k0 in this subsection, whereas we shall specifically distinguish them in the subsequent subsection to take into account the inter-node scattering processes between k0 and -k 0 .
For evaluating the long-range Coulomb interaction effects around a node, we have considered the self-energy correction within the frame of the one-loop order renormalization-group (RG) calculation in the leading order in 1/N (N >> 1) with N = 4
being the number of fermion species (two spin projections and two nodes) (3) . For the present work, we used the resultant upward flow of the velocity (as w does not flow at the one-loop level) due to the running coupling constant (2, 6, (68) (69) (70) (3), where is the dielectric constant and is an angle measured around the node at k0. As a consequence of the T-driven velocity renormalization, the Coulomb coupling flows to a smaller value (6, 17, 69, 70) , causing a remarkable reshaping of tilted Weyl cones as depicted in Fig. 3C (3) .
Concerning the interaction, it is worthwhile to mention that the Coulomb interaction would be quite large in -I3 as the WF state emerges next to a charge-ordered insulator, stabilized by the short-range repulsions (20, 48, 71-73) on the P-T phase diagram (Fig. 1B) (15, 56, 66, 74, 75) . Indeed, the bare Coulomb coupling constant, approximated as ≈ 2 ℏ ⁄ due to the small anisotropy ( ≈ ≡ ) (3, 37) , is estimated to be Weyl cone, as depicted in Fig. S1 . The size of has distinct values in the two slopes at higher energies, while the difference becomes smaller towards lower energy and is eventually negligibly small at the low-energy limit. This is equivalent to say that the tilted cone becomes more isotropic at low energy due to the flow-induced cone reshaping as discussed previously (3). 
and ( 
where we defined
by means of the WF Green function ̂= [ ′ ], which takes into account the aforementioned RG correction effects (3) . Note that the pseudospin base ̅ = ( ) corresponds to = ( ) and ( ) is the fermionic (bosonic) Matsubara frequency. The ladder diagram (Fig. S2B) (11) is the form factor expressed by the LK bases (16, 47) . Note that the filled area in the susceptibility diagram ( 
The Eq. 12 is a linearized self-consistent equation that describes an excitonic instability favoring an opening of the gap at the node on E F when the eigenvalue reaches unity (30, 76) . For the excitonic phase transitions mediated by the long-range Coulomb interaction, extensive studies have been performed for the 2D WFs using various techniques such as mean field (10, 11, (77) (78) (79) (80) , Monte Carlo (81) and RG approaches (82) .
Similar instabilities have been also studied for the 3D WFs (13, (83) (84) (85) (86) (87) (88) (89) (90) .
To examine the excitonic instability (10, 11, 30, 76-79, 81, 82) , the whole eight types of excitonic order parameters that generate a gap in 2D WF systems (11, 91) have been considered at a mean-field level, in which the RG correction effects owing to the long-range Coulomb interaction were incorporated. We find that the even-parity excitonic pairings in the inter-node (C 2 ) process, such as 〈 † 〉, give dominant contributions towards reproducing the observed 1/ 1 upturn (Fig. 4A) . With decreasing temperature, the transverse spin susceptibility (Eq. 7), and thus 1/ 1 (Eq. 3), increases because spin fluctuations develop through the enhancement of the ladder diagram as a precursor of excitonic instability, and in turn, diverges at the onset of the condensation (at = 1). The calculated temperature dependence of 1/ 1 for different values of  is presented in Fig.   4B for the even-parity spin-triplet pairing, which shows an upturn for  = 2 as a direct consequence of this precursor effect.
As to the eigenvalues of the linearized self-consistent equation (Eq. 12), we find that the even-parity, inter-node (C 2 ) and spin transverse instability (described by the eigenvalue ⊥ ) develops at low temperatures upon increasing the in-plane magnetic field H, whereas the spin longitudinal instability (given by the eigenvalue ∥ ) is suppressed with increasing H (Fig. S3) . Moreover, the intra-node (C 1 ) instability is perceived to be weak compared to the inter-node (C 2 ) instability (inset of shows the eigenvalues for the intra-node (C1 in Fig. 3C ) and inter-node (C2) pairings at H = 0 T. Because the electron-hole symmetry is higher for the C2 excitonic pairing than for the C1 pairing, the excitonic instability in the C2 process develops stronger upon cooling.
With increasing H, the eigenvalue for the transverse instability ⊥ is enhanced, whereas that for the longitudinal instability ∥ is suppressed. This is related to the fact that the Weyl cone in -I3 is tilted, and the Zeeman-induced Fermi pockets have an elliptical shape (16-18, 22, 37, 45-47) . Hence, there is a perfect nesting between the up-spin and down-spin pockets, while the nesting between the same-spin pockets is poor, causing the different natures in the transverse and longitudinal instabilities. Inter node (C 2 )
T (blue). At H = 0 T, ⊥ and ∥ are degenerate, while ⊥ grows towards lower temperature much stronger than ∥ at a finite field. The eigenvalues for the intra-node (C1 in Fig. 3C) and inter-node (C2) pairings at H = 0 are given in the inset of (A).
